The contents of 23 trace elements (Sc, V, Cr, Mn, Fe, Co, Zn, As, Se, Br, Rb, Sr, Mo, Ag, Sb, I, Ba, La, Ce, Sm, Eu, Hf, Ta) were quantitatively determined in soft tissues and shells of mass non-indigenous bivalve mussels-farmed Pacific oysters (Crassostrea gigas) and farmed and wild invasive Mediterranean mussels (Mytilus galloprovincialis) at the Atlantic coast of South Africa. The study revealed that the contents of the majority of elements in the soft tissues of both species were higher than those in the shells. The tissues of wild invasive Mediterranean mussels contain higher levels of a range of trace elements comparing to farmed mussels. The tissues of Pacific oysters contain much higher levels of almost all elements studied compared to the tissues of Mediterranean mussels. Higher content of zinc in the mussels and oysters from Saldanha Bay may evidence anthropogenic pollution of the bay's ecosystem by this metal, which necessitates continued monitoring of levels of potentially toxic metals. Both alien species, and especially Pacific oysters, may serve as reliable biomonitors for trace elements in marine ecosystems. Both species are rich in essential elements and provide nutritionally-valuable seafoods.
Instrumental neutron activation analysis (INAA) is a powerful tool giving an opportunity to determine the contents of a number of chemical elements in a small single sample. In addition, such analysis may provide information on the usefulness of farmed and invasive wild bivalve mollusks as indicator species for monitoring of anthropogenic pollution. This refers to the development and continuation of a system of environmental monitoring following the "Mussel Watch" (MW) approach utilizing the ability of bivalve mollusks to accumulate a range of potentially hazardous environmental pollutants [15] , Goldberg, 1975 ; [16] [17] . For South Africa continuing of MW program with use of modern analytical techniques is a topical issue since the country has many potential sources of pollution (e.g. intensive and growing mining, ore processing industries, and well developed sea transport facilities) which may negatively affect a range of economically-important activities.
The main goal of the present paper is to determine quantitatively using INAA the contents of trace elements in the bivalve mollusks, farmed and wild Mediterranean mussels and farmed Pacific oysters of the Atlantic west coast of Republic of South Africa (Saldanha and Danger bays). The obtained data will serve 1) for further assessment of removal of chemical elements with harvesting of farmed and wild invasive mollusks and 2) as an initial step for drawing the biogeochemical balance and the assessment of importance of introduction of alien species for modification of biogeochemical cycling of elements and changes in water quality associated with introduction of non-indigenous bivalve mollusks. In other words, the study contributes to the understanding of the biogeochemical role of biological invasions in aquatic systems.
Materials and Methods

Sampling and Sample Preparation
Sampling sites for the bivalve mollusks studied under present study were situated at the South African Atlantic coast (Figure 1) .
Two species of marine bivalve mollusks farmed in sea water were sampled and analyzed: Pacific oyster (Crassostrea gigas) and Mediterranean mussel (Mytilus galloprovincialis). In addition we analyzed the wild Mediterranean mussels from the naturalized population in Danger Bay. The dates of sampling and locations of sampling sites are given in Table 1 .
Ten specimens of both species were sampled from each site, sealed in zip-locked plastic bags, refrigerated, and shipped for further processing and subjecting to neutron activation analysis [18] . In the laboratory the mollusks were dissected, soft tissues separated from the shells and the samples were dried at 39˚C to a constant weight prior to further processing. The latter included homogenization of dried samples in ball grinder and packing in appropriate containers for irradiation.
Analysis
INAA was performed in the radioanalytical laboratory at the pulsed fast reactor IBR-2, FLNP JINR. To determine short-lived isotopes of Cl, Br, and I samples of 0.3 g were packed in polyethylene bags and irradiated for 3 -5 min in an irradiation channel with neutron flux density Φ epi = 1.3 × 10 12 n/(cm 2 × s). Gamma spectra of induced activity were measured twice, for 3 -5 min after 5 -7 minutes of decay and for 10 -15 min after 20 min of decay. To process gamma spectra and to calculate concentrations of elements, software developed at FLNP JINR was applied [19] .
Quality control was provided by analyzing relevant certified reference materials. Results were assessed statistically by the Student's t-test at 0.5 significance level.
Results and Discussion
Data on the contents of 23 trace elements (Sc, V, Cr, Mn, Fe, Co, Zn, As, Se, Br, Rb, Sr, Mo, Ag, Sb, I, Ba, La, Ce, Sm, Eu, Hf, Ta) quantitatively determined in soft tissues and shells of bivalve mussels are given in Table 2 .
Mediterranean mussels. The contents of REE (La, Ce, Sm, Eu), hafnium and tantalum in shells and soft tissues of Mediterranean mussels from both sampling sites were below detection limits. In the mussel soft tissues the levels of such metals as vanadium (Danger Bay), antimony and barium (both sampling sites) were also below detection limits. The same applies to selenium, rubidium and molybdenum in the shells of mussels from both sites. A majority of the studied trace elements were higher in the mussel soft tissue than in the shells. However, higher shell contents were revealed for vanadium (below detection limit in the soft tissues versus 0.5 ± 0.08 mg/kg in the shells in the Danger Bay and similar tissue levels in the Saldanha Bay mussels), strontium (958 ± 31 mg/kg in Danger Bay and 806 ± 12 mg/kg in Saldanha Bay versus 88 ± 1.4 mg/kg and 18.5 ± 0.9 mg/kg, respectively), antimony (the contents in the mussel soft tissues were below 0.05 mg/kg while in the shells they were 0.02 ± 0.003 mg/kg in Danger Bay and 0.03 ± 0.007 mg/kg in Saldanha Bay), barium (below detection limits 0.5 mg/kg in the soft tissues versus 4.7 ± 0.6 mg/kg in the Danger Bay mussel shells and 4.3 ± 0.1 mg/kg in the Saldanha Bay mussel shells), manganese (258 ± 5 mg/kg in the shells versus 194 ± 4 mg/kg in the soft tissues) and bromine (94 ± 0.4 mg/kg in the soft tissues versus 110 ± 3 mg/kg in the shells) in the Saldanha Bay mussels ( Table 2) .
Comparison of trace element contents in the farmed (Saldanha Bay) and wild (Danger Bay) mussels revealed differences in some element concentrations both in the shells and soft tissues.
The concentrations of the metals cobalt, manganese and antimony as well as the halogens bromine and iodine were significantly higher in the shells of the Mediterranean mussels from Saldanha Bay; of strontium, from the Danger Bay. Similar trend towards higher shell contents in the Saldanha Bay mussels were apparent for chromium, iron and arsenic but the differences were not statistically significant ( Table 2) . Shell concentrations of scandium, vanadium and barium were higher in Danger Bay than in Saldanha Bay but the differences were insignificant.
The mussel soft tissue element contents exhibited different patterns. As opposite to the shells, the soft tissues of the mussels from the Danger Bay contained significantly higher levels of most of the elements determined (Cr, Mn, Sr, Mo, Ag, Fe, Co, Br and I); the differences between the levels of As, Se, Rb, Ba were statistically insignificant; the contents of Sc and Zn were significantly higher in the mussels from Saldanha Bay (Table 2; Figure 2 ). 4 Shells in mussels versus oysters (Saldanha Bay); 5 Soft tissues in mussels versus oysters (Saldanha Bay).
Pacific oysters. In Pacific oysters the contents of selenium and molybdenum in the shells as well as of antimony, barium, lanthanides (La, Ce, Sm, and Eu) and tantalum in the soft tissues were below the respective detection limits ( Table 2) .
The soft tissues of Pacific oysters farmed in Saldanha Bay contained significantly more chromium, manganese, iron, cobalt, zinc, arsenic, selenium, bromine, rubidium, molybdenum, and silver than the shells. The contents of scandium, vanadium, strontium, antimony and barium were higher in the shells; the differences in the iodine contents were statistically insignificant ( Table 2) . As opposite to the Mediterranean mussels, the lanthanides (La, Ce, Sm, Eu) and tantalum, were found at detectable levels in the shells, and hafnium both in the shells and soft tissues (in this case the differences were insignificant). That is, the shells of Pacific oysters contained much higher levels of lanthanides and tantalum than the soft tissues ( Table 2 ).
Mediterranean mussels versus Pacific oysters. As noted above we revealed site-specific differences in the contents of some elements in Mediterranean mussels. This is why we compare contents of trace elements in the . .
Figure 2.
Contents of chemical elements in the soft tissues of Mediterranean mussels from Danger and Saldanha bays (mg/kg). Logarithmic scale; mean and standard deviations are shown. oysters and mussels from the same location (Saldanha Bay) only.
The contents of most elements: Sc, V, Cr, Fe, Zn, Rb, and Ta), lanthanides (La, Ce, Sm, and Eu) and iodine were significantly higher in the shells of Pacific oysters than of Mediterranean mussels; the shell levels of manganese, cobalt and bromine were higher in the mussels; the concentrations of arsenic, antimony, barium and hafnium did not differ significantly ( Table 2) .
A similar picture is apparent when comparing levels of trace elements in the shellfish soft tissues ( Table 2 ). The contents of almost all elements determined (Cr, Mn, Fe, Co, Zn, As, Se, Br, Rb, Sr, Mo, Ag, I, and Hf) were higher in the oyster soft tissues (Figure 3 ). An exception was rubidium, which was significantly higher in the mussel soft tissues. Differences between the concentrations of scandium and vanadium were insignificant.
Data on element contents (including trace elements) in mussels and oysters have been presented in many papers published earlier [20] - [24] , etc. However, the majority of such papers deal with the contents of only a few elements belonging to the heavy metals group. The data on most other elements are rather limited and mainly deal with mollusk physiology (see e.g. [25] ). Many related issues, such as ecological importance of accumulation of trace elements by mollusks, are still obscure.
The overall goal of most of the above papers was to assess the potential harm of elements accumulated in the mussels and oysters for the well-being of their populations and for the health of humans consuming the mollusks. This applies both for farmed and wild bivalve mollusks that are harvested and used as seafood. For instance, to ensure purchase of healthy mariculture products the system of quality monitoring in South Africa was developed. In the Republic of South Africa the oyster farmers are required to sample animal tissues and water in the culture area, to be tested by accredited laboratories as part of the "South African Molluscan Shellfish Monitoring and Control Program" administered by the national Department of Agriculture, Forestry and Fisheries (DAFF). Several parameters are monitored on a regular basis: microbiological status, presence and/or content of biotoxins, and contents of potentially harmful xenobiotics such as persistent organic pollutants and heavy metals [2] . However the routine monitoring of trace elements includes only a limited number of elements such as cadmium, lead, arsenic, and mercury. The contents of other elements are usually not monitored. This concerns not only potentially hazardous HM but also so-called "essential elements" or "micronutrients" (MN). The concept of "food quality" should consider not only the content of potentially hazardous elements but also the concentrations of the nutritionally valuable components, including essential elements. The content of these elements is an important issue, determining to a great extent the nutritional value of seafood. The problems related to the impact of mariculture and commercially valuable invasive mollusks upon chemical cycling in the affected ecosystems are not covered by the existing system of chemical monitoring. Another massive body of publications relate to the role the bivalves may play for environmental monitoring. In this respect the use of both cultivated and wild bivalve mollusks (including wild invasive Mediterranean mussels) as indicator organisms for monitoring of anthropogenic pollution in marine coastal waters seems to be very promising. Concentrations of some trace metals in mussels in Saldanha Bay were historically monitored on a routine basis by the Department of Environmental Affairs (DEA). The DEA "Mussel Watch Program" records concentrations of cadmium, copper, lead, zinc, iron, and manganese present in the flesh of mussels at several sites along the shoreline of the Saldanha Bay. Data from the DEA "Mussel Watch Program" show that concentrations of lead, cadmium, and zinc in mussels at the monitored sites were often above guideline limits for foodstuffs [26] . The local authorities stress that "It is vitally important that this monitoring continue in the future and that data are made available to the public for their own safety" [26] . In 1985 the Directorate of Marine and Coastal Management (MCM) of the Department of Environmental Affairs and Tourism initiated a "Mussel Watch" Program whereby mussels (including the invasive Mediterranean mussel Mytilus galloprovincialis) are collected every six months (April/May and October) from 26 coastal sites. Mussels have been collected from five stations in Saldanha Bay since 1997. Data from the Saldanha Bay MW program are currently, however, only available for the periods 1997-2001 and 2005-2007 . In this respect, we compared the indicator potential of the most common and mass produced and harvested species, Pacific oyster and Mediterranean mussel.
Our present study revealed several phenomena related to the accumulation of trace elements in the tissues of farmed and wild Pacific oysters and Mediterranean mussels that contribute to our understanding of abovementioned problems as well as to the assessment of the ecological role of these non-indigenous species in the aspect of biogeochemistry.
The study revealed that both analyzed species accumulate in the soft tissues and shells a range of trace elements at detectable levels. This applies both for the essential plus suggested essential (Mn, Fe, Co, Zn, Mo, Se, I, V, Cr, Ni, Sn) and non-essential elements (Sc, As, Br, Rb, Sr, Ag, Sb, Ba, lanthanides and Ta). It is worth noting that REE (La, Ce, Sm, Eu, and Hf) were not found at detectable levels neither in the mussels nor in the oyster soft tissues (except for hafnium). These elements present only in the oyster shells. This may indicate that mussels and soft tissues of oysters are not reliable monitors for REE in marine systems. Similar phenomenon was revealed in our studies on accumulation of REE by freshwater invasive bivalve mollusks of g. Dreissena: the contents of REE in the mollusk tissues were lower than in the bottom sediments [27] [28] .
Comparison of the contents of chemical elements in the shell and soft tissues of mollusks revealed that the levels of most elements are higher in the soft tissues (Figure 2 and Figure 3 ). Higher concentrations of these elements relate to much higher metabolic rate in the soft tissues comparing to the shells representing metabolically more inert structures. Unlike, for instance the bones in vertebrates, the shells of live bivalves do not undergo further metabolism after formation [25] and accumulated chemical elements remain at almost constant level. However, some elements were accumulated at larger amounts in the mussel shells (Sr, Sb and Ba in the mussel shells from both studied bays; V at Danger Bay; Mn and Br, at Saldanha Bay). In the oysters the number or such elements was even higher (Sc, V, Sr, Sb, Ba, lanthanides, and Ta). Higher shell contents of strontium and, perhaps, barium relate to relatively high affinity of these elements to calcium, which is the main "building material" for molluscan shells. Resemblances in metabolism of calcium and strontium in living beings was demonstrated quite long ago [29] . Chemically and, to a certain extent physiologically, strontium may replace calcium [30] . This explains higher shell content of strontium in both studied mollusks comparing to its level in soft tissues. The reasons of higher concentrations of other elements in the shells are unclear and need be clarified at further research.
Despite the revealed fact that concentrations of majority of essential and non-essential trace elements are higher in the studied mollusk soft tissues the assessment of the biogeochemical roles of invasions of mollusks (either in the form of farming or at naturalization in the wild) necessitates the determination of element content in both tissues. The natural predators of bivalve mollusks consume and remove only the elements accumulated in soft tissues transferring them to the higher trophic level while the elements in the shells are in fact excluded from further biological cycling (at least for a very long time). The farmed Pacific oysters and Mediterranean mussels are not subject to natural predation. The impact of natural predation on invasive Mediterranean mussels in South African waters is very low: in fact only two relatively rare predators reportedly consume invasive mussels at noticeable amounts (a gastropod, whelk Nucella cingulata and endangered bird, African black oystercatcher Haematopus moquini) [10] . As opposite, at harvesting of farmed and/or wild mollusks the elements accumulated both in the soft tissues and shells are removed from natural cycling in the ecosystem affected by harvesting. This is why at the assessment of biogeochemical role of biological invasion of bivalve mollusks the trace element concentrations should be analyzed in both types of their tissues. In addition, the analysis revealed that mollusk shells contain such non-essential and potentially toxic metals as strontium and antimony as well as REE (in oyster shells). This indicates that analysis of shells along with soft tissues is desirable for the monitoring purposes.
Comparison of the trace element contents in the Mediterranean mussels farmed in Saldanha Bay and in the wild invasive population of the Danger Bay revealed significantly higher contents of Cr, Mn, Sr, Mo, Ag, Fe, Co, Br and I in the soft tissues of the latter group sample Figure 3) . In our opinion these differences are determined by different environmental conditions in the compared bays: Saldanha Bay is more protected from the open ocean than the Danger Bay. The conditions (in terms of hydrodynamics and water chemistry) in the latter are more dynamic. In Saldanha Bay mussels grew in relatively stable conditions being fully submersed in the water of protected bay while the wild mussels in Danger Bay inhabit littoral rocks subject to strong hydrodynamic impact. This may result in higher metabolic rate in the wild population of invasive mollusk with subsequently higher rates of accumulation of trace elements, the majority of which are essential for mollusks. At the same differences in the environmental conditions may lead to different growth rates in compared populations. We suggest that growth rate of the Danger Bay mollusks may be lower comparing to the mussels grown at optimal conditions at the Saldanha Bay farm. Consequently, this may result in higher levels of accumulated elements in the tissues of slower-grown wild mussels. Another possible reason is the different composition of the mussels' food in these bays and, consequently, different intensities of alimentary uptake of the determined trace elements by the mussels from sampled habitats. As for higher content of zinc in the soft tissues of the mussels from Saldanha Bay this may relate to the anthropogenic pollution of the bay ecosystem originating from polymetalic ores transshipped at the facilities situated in the bay (Figure 1) . The level of zinc in the Saldanha Bay mussel soft tissues (108 ± 0.7 mg/kg dry weight) is slightly above the legal limit of 100 mg/kg usual for many countries [31] . This also confirms that the observed higher content of zinc in the mussels from Saldanha Bay rather relates to anthropogenic pollution than to natural factors.
The present study revealed that farmed Pacific oysters accumulate both in shells and soft tissues considerably more essential and non-essential trace elements (with only a few minor exceptions-see Results) than farmed Mediterranean mussels (Figure 3) . Especially striking differences concern zinc: the content of this element in oyster soft tissues is about five times higher than in the mussels. A similar phenomenon was noted by [32] : the oysters accumulated much more zinc than the mussels. In our opinion, this may reflect species-specific differences in the metabolic rates of compared mollusks and a longer period of cultivation (hence, time of growth before sampling) of oysters than that of Mediterranean mussels (on average, nine months for oysters versus six months for mussels). A study on the uptake of some trace elements in other bivalve species revealed that the or-ganisms are differentially selective for a range of metals and these variations might be influenced by a number of intrinsic (e.g., size, age, and sex) factors [33] . The determined level of zinc in oysters (476 ± 7 mg/kg) highly exceeds the legal limit of 100 mg/kg [31] suggesting anthropogenic pollution as a main source of this metal (similarly to the mussels-see above paragraph).
The higher accumulation potential demonstrated in Pacific oysters suggests that this species at similar biomass may have stronger effect upon biogeochemical cycling of trace elements than farmed and invasive wild Mediterranean mussels. In addition, oysters seem to be a better biomonitor for trace elements than mussels. In a study on another group of bivalves the authors draw a similar conclusion: the oysters Crassostrea rhizophorae (close relative of Pacific oyster analyzed in the present study) were particularly recommended as biomonitors given their strong accumulation patterns for many trace metals, their large size and their local abundance [34] .
Higher levels of essential elements in the oyster soft tissues (i.e. in the edible part of the mollusk) indicate that this species has higher nutritional value for humans than farmed Mediterranean mussels. At the same time, this indicates the necessity for continuing regular monitoring of metal burdens in the edible part of farmed oysters. Higher contents of majority of essential elements in the soft tissues of wild invasive mussels comparing to the farmed specimens of this species suggest higher nutritional value of wild mussels particularly. Widespread and extremely high biomass of this invasive species along the South African coast represents a good source of highly nutritionally valuable seafood. Harvesting of wild mussels may be very profitable and cost-effective addition to farming of this mollusk on rather limited coastal areas appropriate for mariculture.
In general, the contents of majority of trace elements observed in the present study in the comparison to the contents reported in other papers and legal limits adopted for toxic metals may be considered as relatively low compared to contents reported in other papers and legal limits adopted for toxic metals. The only exception concerns zinc: its content in Mediterranean mussels is very close to the legal limits; in Pacific oysters, the tissue content of this metal is alarming really.
The present study confirms that both species of bivalve mollusks, farmed Pacific oysters and farmed and wild invasive Mediterranean mussels are potent bioaccumulators of a range of trace elements. This suggests that at high biomasses of both farmed and especially established wild invasive mollusks their effect on the biogeochemical cycling of various trace elements (except REE) may be very strong. We plan to continue studies in this direction including clarification of the temporal patterns of accumulation dynamics. The data presented here may serve for drawing the balance of chemical elements in the marine ecosystems affected by biological invasions of bivalve mollusks either in the form of framing or unintentional introduction of alien species. The study also demonstrated that non-indigenous Mediterranean mussels and, especially Pacific oysters may serve as good biomonitors for trace elements. Finally, both alien species, farmed and wild, provide nutritionally-valuable seafood for human consumption.
Conclusions
Farmed Pacific oysters along with farmed and wild invasive Mediterranean mussels producing high biomasses at the South African coastal waters accumulate considerable amounts of various trace elements. The contents of the majority of elements in the soft tissues of both species are higher than in the shells.
The tissues of wild invasive Mediterranean mussels contain higher levels of a range of trace elements (especially essential elements) comparing to farmed mussels, which indicates differences in the environmental conditions in studied areas.
The tissues of Pacific oysters contain much higher levels of almost all elements studied compared to the tissues of Mediterranean mussels, indicating differences in their metabolic rates, ages and, on the other hand higher richness of edible parts of oysters in the essential micronutrients.
Higher content of zinc in the mussels and oysters from Saldanha Bay may evidence anthropogenic pollution of the bay's ecosystem by this metal, which necessitates continued monitoring of levels of potentially toxic metals. Both alien species, and especially Pacific oysters, may serve as reliable biomonitors for trace elements in marine ecosystems. Both species are rich in essential elements and provide nutritionally-valuable seafoods.
The studied alien bivalve mollusks, accumulating large amounts of trace elements and producing extremely high biomass both at the sea farms 'inserted" in nature and in the wild invasive population, strongly affect the biogeochemical cycling of a range of chemical elements. The quantitative assessment of this effect is worthy of further research.
